• Rhythmical three to eight per minute cycles in oxygen availability are characteristic of recordings from chronically implanted open tip polarographic electrodes. These were demonstrated to be progressively decreased in amplitude as mean arterial blood pressure was raised from 75 mm Hg to 160 mm Hg, at which level they were abolished. Amplitude of these :ycles also decreased as BP was reduced below 75 mm Hg and they again disappeared at an iverage of 60 mm Hg. Oscillation frequency appeared to be a function of rate of metabolism, oeing reduced by anesthesia, hypothermia, and ischemia. An hypothesis is proposed which relates these oscillations to the feedback delay between metabolic generation of CO 2 and the appropriate adjustment in tension of the pH sensitive muscle of the precapillary arteriole which in turn determines rate of local CO 2 clearance. The changes in amplitude of the oxygen cycles may indicate alteration in pH reactivity of precapillary smooth muscle as a function of BP.
Introduction
• In normal brain, flow is relatively constant over a wide range of systemic blood pressure due to compensatory changes in precapillary arteriolar radius and hence resistance. 1 A major determinant of the muscle tone of the precapillary arterioles is their extracellular pH. 2> 3 This probably represents the equilibrium between accumulation of H + ion as acid products of local metabolism, chiefly CO 2 and lactate, and their rate of clearance by local blood flow. 3 " 5 Incidental to this formulation is the observation that the local pO 2 of the brain and some other organs oscillates with a frequency of three to ten per minute. 6 ' 8 These oscillations are abolished by hypercapnia. There is a consensus that these local pO 2 changes principally reflect flow changes, assuming constant oxygen metabolism, and that the oscillations represent a metabolic mechanism constantly hunting an optimal local blood flow.
Incorporating this concept in a general metabolic hypothesis of autoregulation, Severinghaus suggested that local blood flow is normally intermittent. The normal precapillary arteriolar muscle tone maintains the vessel closed until local metabolism generates sufficient H + ion to result in an opening of the arteriole, initiate the flow phase with clearance of the acid products, normalization of the local pH, followed by closure of the arteriole -hence, the rhythmical oscillation in local pO 2 , and of more general impor- tance, the ability of the organ to regulate its blood flow to meet its metabolic needs, i.e., autoregulation. Thus, at elevated perfusion pressure, the flow phase of the autoregulatory cycle might result in a greater transient clearance of H + ion and a greater delivery of O 2 followed by a longer no-flow phase. This should cause the amplitude of the oxygen cycles to be increased at high perfusion pressure and decreased at low perfusion pressure, perhaps disappearing coincident with the failure of autoregulation at extremely low perfusion pressure when the arterioles fail to open. Johnson 5 noted oscillation in capillary velocity in the cat mesentery. As blood pressure was reduced by tightening a clamp on the mesenteric artery there was a progressive decrease in amplitude of velocity oscillation. High blood pressure was not tested in these experiments.
A specific study of these oxygen cycles in the brain in response to blood pressure changes has not been reported. We have noted that contrary to expectation the amplitude of the oxygen cycles decreases at high blood pressure. The purpose of this paper is to describe this new observation, and to analyze it in the context of a model of the local metabolic control.
Methods

EXPERIMENTAL ANIMALS
Adult cats of either sex were used for most of the experiments. Two dogs and one squirrel monkey also were studied. Electrodes were implanted in the cerebral convexity in contact with cortex and subcortical white matter and anchored rigidly in place to the cranium with dental acrylic. A minimum of two weeks was allowed for cortical healing prior to the experiment.
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OXTOtN HJCTIODI
The electrodes were open tip bare platinum 4 mm in length and 0.3 mm in diameter, protruding from a glass-insulated shank. They were polarized at -0.6 volt with a subcutaneous Ag-AgCl reference. Using this system, an average oxygen current of 0.4 microamp (SD ± 0.2 microamp) is obtained in lightly anesthetized cats at 37°C, pCOj 30, pO 2 120 to 180. With the same system in saline equilibrated with room air an average current of 3.0 microamps (SD ± 1.0 microamp) is recorded. Because the Oi diffusion rate in tissue and the catalytic electrode activity in vivo are unknown it is not possible to apply in vitro calibration to the in vivo state. For this and other reasons discussed at length elsewhere, the term oxygen availability (O,a) is preferred for the recorded current. It is probable that the relationship of O 2 a to pO, is constant for a given electrode as long as the electrode-tissue relationship is undisturbed in the chronic state.*"
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ANUTHIMA AND PUPAJtATlON
The experiments were performed under light pentobarbital anesthesia with an initial dose of 30 mg per kilogram, paralysis with gallamine, and artificial ventilation via tracheotomy. Ventilation was with a mixture of 30% O, and 70% N 2 . The anesthesia was supplemented by intraperitoneal pentobarbital 5 mg per kilogram each hour. In concurrent experiments in freely breathing animals this pentobarbital dosage schedule maintained a satisfactory depth of anesthesia with constant EEG and O 2 a records. In addition, each animal received a single dose of atropine 0.1 mg at the beginning of the experiment. Femoral artery and vein catheters were placed for monitoring blood pressure, for sampling arterial p d , pCO,, pH, and for drug infusion.
MONITORING
In six cats, two dogs, and one squirrel monkey, tracheal COi was monitored continuously with an infrared analyzer and manipulated during the course of the experiment by adjusting the respiratory rate, maintaining constant stroke volume. Arterial pOj, pH, and pCO 2 were sampled hourly. Six additional cats were allowed to breathe spontaneously. Mean arterial blood pressure was monitored with a Statham strain gauge connected to a femoral artery catheter. Blood pressure was manipulated by intravenous infusion of metaraminol and nitroprusside and by phlebotomy and transfusion. O 2 a from one or more electrodes, respiratory CO,, and blood pressure were recorded continuously, simultaneously on a Grass Model 7 polygraph.
Rectal temperature was monitored with a thermistor probe and maintained at 37° C ± 1° with a heat lamp.
Results
THIIFTKT OF 1LOOD MI5SURI ON OXYOIN CYCU AMPL1TUD1
The essential observation is illustrated in figure 1 . Over a wide range of systemic blood pressure O 2 a cycles decreased in amplitude with rising blood pressure, and disappeared at an average of 160 mm Hg mean arterial pressure. Frequency was relatively constant except at very low blood pressure when it consistently slowed. Maximum amplitude occurred at an average blood pressure of 76 mm Hg. As blood pressure was reduced below this level, amplitude again decreased, frequency slowed and cycles disappeared at an average of 60 mm Hg. There was some variability between electrodes in each animal and among animals. These data are summarized in figure 2 for the animals on controlled ventilation.
This behavior of oxygen cycles in response to blood pressure changes was the same whether the blood pressure was manipulated pharmacologically, i.e., with intravenous nitroprusside and metaraminol, or by phlebotomy and reinfusion. On a few occasions, the drugs were given by the intracarotid route with no immediate effect on the mean O 2 a or character of the cycles until recirculation evoked a blood pressure change.
To the extent the animal could be maintained in a steady state for pO 2 , pH, pCOi, temperature, and depth of anesthesia, it was possible to reproduce the cycle amplitude-blood pressure relationship several times.
In these experiments with variable blood pressure the arterial pCO s was between 20 and 35 torr but the variation within individual experiments was less than ±4 torr in the animals on controlled ventilation. Arterial pO 2 was between 120 and 180 torr. The minimum and maximum blood pressures between which oxygen cycles occurred tended to be lower in hypocapnic experiments, e.g., whereas in an experiment at pCO a 20 torr, the cycles disappeared below blood pressure 40 mm Hg and 170 mm Hg. There are not enough data to be sure if the blood pressure range was altered by hypocapnia, however. In the animals who were allowed to breathe spontaneously, mean pCO s was 30 torr but varied more widely in individual experiments (SD ± 10 torr). Mean pO 2 was 90 (SD ± torr). In these experiments there was no correlation between pCOj or pO 2 and cycle frequency and amplitude.
Hysteresis of cycle amplitude did not occur if the rate of blood pressure change was less than 10 mm Hg per minute. A transient large blood pressure change, as due to sudden infusion of a bolus of metaraminol, would consistently produce a reduction in O 3 a wave amplitude lasting up to 30 minutes, despite subsequent reduction of blood pressure. The consistent feature of this hysteresis was that oxygen cycle amplitude was higher during rising blood pressure than during declining blood pressure. Associated hysteresis of mean O 2 a also occurred, higher when blood pressure was declining from a high level, and lower when blood pressure was rising from a low level. An important point to be developed in the subsequent discussion is that in five occasions hysteresis of wave amplitude occurred without hysteresis of mean O a a.
Oxygen Cyd* Pr*qo«ncy
Oxygen cycle frequency was counted as one-half the number of crossings of the mean O a a during successive one-minute periods. At constant pCO a and blood pressure, cycle frequency would vary randomly ± 20%. Within this random variation no consistent change in frequency with blood pressure could be identified. There were sometimes changes in the configuration of some of the cycles (as in fig. 1 ) but these were not consistent enough to establish a pattern based on inspection of several hundred hours of recording. A quantitative Fourier analysis of these cycle patterns remains to be done. The only consistent effect of blood pressure on cycle frequency was at very low pressures below 75 mm Hg. Cycle frequency slowed progressively, coincident with reduction in amplitude.
OXYGEN CYCLES AND METABOLIC AUTOREGULATION
Oxygen cycle frequency did vary consistently with depth of barbiturate anesthesia; in awake unrestrained cats the frequency was 10 to 12 per minute. Under adequate surgical anesthesia, compatible with spontaneous breathing, maintaining an arterial pCO 2 30 to 35 torr at 37°C, the frequency was three to eight
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per minute in different experiments. The main source of variation here is probably our inability to describe the depth of anesthesia quantitatively in the absence of barbiturate blood level measurements. Under very deep anesthesia, usually requiring mechanical respiratory support, oxygen cycles became progressively slower and irregular, or disappeared entirely.
The Effect of Blood Pressure on Mean Oxygen Availability
In the records from six of the electrodes, mean O 2 a rose with blood pressure. In three it was relatively constant over a wide range of systemic blood pressure, and in one, there was a slight decline in mean O 2 a as mean arterial pressure was raised from 60 mm Hg to 150 mm Hg. There was no relation between the slope of the relationship between mean O 2 a and arterial pressure and any feature of the oxygen cycle changes with blood pressure, nor was there necessarily any relationship between O 2 a/blood pressure slopes of two or more electrodes in any one animal.
Discussion
The new fact, not previously reported, which is presented here, is that the local oxygen cycles are maximal in amplitude at intermediate blood pressure levels and progressively decrease in amplitude and disappear at very high and very low pressures, retaining a constant frequency except at very low blood pressure levels.
In the discussion which follows, these oxygen cycles will be analyzed primarily in terms of blood flow. It is important therefore to consider the limitations and potential errors inherent in this assumption. In addition to blood flow, there are three major factors which can affect the tissue oxygen measurement: the arterial pO 2 , the local pH, and local metabolic consumption of oxygen. 13 These experiments were designed to minimize arterial pO 2 changes maintaining 100% hemoglobin saturation within the pO 2 range 120 to 180 torr. This was necessary because major arterial pO 2 changes between 120 and 600 torr can erratically increase the average tissue oxygen and sometimes the oscillation amplitude. 6 ' 8 It is possible that slower changes of lesser magnitude might account for some of the changes in average brain oxygen over a 10 or 20-minute blood pressure cycle and give a false impression of the quality of autoregulation. There were enough arterial pO 2 measurements to exclude a systematic change in pO 2 with blood pressure, however. There is, of course, no evidence that arterial pO 2 oscillates widely and rapidly enough to account for the brain oxygen oscillations, and their asynchrony from one region to another would be a point against this possibility.
Oscillation in local pH could alter, by the Bohr effect, the O 2 released to the tissue. If this occurs as a consequence of tissue O 2 changes, it would reduce the amplitude of the O 2 cycles provided metabolic production of hydrogen ion is constant.
Oscillations in local metabolism could cause oxygen cycles, as a consequence of both cyclic variation in oxygen consumption, and of hydrogen ion production. The net effect of these on the tissue measurement would depend on whether the metabolic cycle was entirely aerobic on and off, or cycled from aerobic to anaerobic. There is no direct evidence to support either possibility. The only negative evidence is the absence of cyclic changes in neuronal activity, both as EEG recorded simultaneously from the oxygen electrode by us, and by others with microelectrodes from individual neurons."
There is evidence that local flow does cycle. This has been demonstrated with heated thermistors adjacent to oxygen electrodes by Cooper, 8 and the local electrochemical generation of hydrogen by Stosseck 16 and by Leniger-Follert and Lubbers. 16 It is necessary, of course, to consider spurious mechanical sources for the oxygen cycles. Physical movement of the electrode in relation to the skull is excluded because the electrodes were rigidly anchored to the cranium. The rhythmicity of the cycles moreover would be incompatible with random movement. Further, their asynchrony from one region to another and their characteristic frequency distinguish them from the arterial pulse, respiration, and intracranial pressure. Cycles in arterial blood pressure, sometimes seen in hypovolemic animals, were excluded by the continuous blood pressure monitoring.
Subject to the foregoing qualifications, therefore, the following discussion assumes that the major changes which have been measured in these experiments are largely due to changes in local flow.
The additional assumption is made that the experimentally recorded mean arterial blood pressure reasonably represents perfusion pressure. Although neither cerebral venous pressure nor intracranial pressure were measured, it is unlikely that these changed significantly in these animals without brain lesions or cardiovascular disorder.
THE LOCAL METABOLIC CONTROL SYSTEM: ORIGIN OF THE OSCILLATIONS
The best current information concerning the steady state metabolic regulation of local blood flow envisions the following feedback control system: where the symbol A indicates a change, and t! to t s are the time intervals during which these changes occur: ti is the mean diffusion time for CO 2 from the tissue to the arteriole and would be the product of the diffusion rate of CO 2 in tissue and either the mean distance from the tissue of a micro region to the arteriole which serves it or one-half the distance between arteriole and venule. This also would include the time for the reaction H 2 O + C O 2 -H + + HCO3-which would be small. t 2 is the response time of the precapillary arteriolar smooth muscle. t 3 + t 4 + t 6 together are the transit time in the capillary bed, the mean of which is probably of the order five to ten seconds. The sum of ti + t 2 + t 3 + t 4 + t 6 would be one-half the duration of a local flow cycle.
The important point about this model is the qualitative demonstration that a finite time delay interval is present in this local control system, and that one component of this system, the local transit time, is the same order of magnitude (seconds) as the flow cycle. Without external modulation, oscillation is an inevitable consequence of any feedback control system in which the feedback time is greater than the response time of the effector component in the system.
ALTERATIONS IN CYCLE AMPLITUDE WITH BLOOD PRESSURE
The decrease in amplitude of the cycles at very low perfusion pressure would be due to maximum sustained dilation of the resistance vessels because of increasing H + ion accumulation. The model does not yield an immediate explanation for the progressive reduction in amplitude of the flow cycle with rising blood pressure, however. An increase in the CO 2 clearance rate, for example, would necessarily cause an increase in the flow cycle frequency and amplitude and moreover could only be envisioned as a consequence of increased flow which is incompatible with the basic assumption in this discussion that autoregulation be well preserved and flow constant over the blood pressure range in which the flow cycles are being discussed.
Altered Reactivity ot Different Perfusion Pressure!
It is important therefore to consider the possibility that arteriolar reactivity to pH changes might be reduced at high perfusion pressure. Ackerman et al." have presented data which show a decreased reactivity to CO 2 , demonstrated as a decrease in the ratio -»"°Jf^ in patients as cerebrovascular resistance in-A pCO 2 v creases. Although systemic blood pressure is the main determinant of cerebrovascular resistance, the significance of their conclusion is somewhat obscured by their noting greater reactivity in four of five hypertensive patients with mean arterial blood pressure greater than 120 mm Hg. Scrutiny of their data indicates that this difference is not statistically significant, though their general conclusion that reactivity decreases with resistance is significant. If their data are replotted as reactivity versus blood pressure, an increase in reactivity occurs at blood pressure below 100 mm Hg while it appears to be constant above this level.
If this observation is correct, a possible explanation for it might be in relating changes in local pH directly to changes in smooth muscle tension rather than length or arteriolar radius. Thus at low perfusion pressure, and low arterial wall tension, an increment in pH would produce a greater increment in radius and hence in flow than at high perfusion pressure. How this may be so can be seen from a consideration of the relations among pressure, radius, and tension. The Poiseuille description of flow through a tube is
where F is flow, P perfusion pressure, 1 the length of the tube, and n the fluid viscosity. Though this relation does not hold rigorously for blood in a nonrigid vessel, it is satisfactory as an approximation for analysis of the model. For any arteriole within the autoregulatory pressure range, since flow is constant, (2) Pr 4 = Constant. The La Place formula for tension in the wall of a distensible vessel is (3) T = P X r, where T is tension, P is pressure, and r is radius. Tension (dynes/cm)
FIGURE 3
Theoretical relationship among perfusion pressure, radius, and tension of precapillary arlerioles. This demonstrates a greater increment in radius for a tension increment at low perfusion pressure.
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Supposing a precapillary arteriole with radius 10 M at a perfusion pressure of 100 mm Hg, we have calculated from equations (2) and (3) radius and tension at different perfusion pressures, assuming intact autoregulation. This is illustrated in figure 3 . It is clear that a constant increment in tension will produce a greater increment in radius (and in flower 4 ) at low perfusion pressure.
It is important, in considering this possibility of increased pH reactivity at low perfusion pressure, that it not be confused with total vasodilatory capacity, which of course is much greater at high perfusion pressure. 18 ' 19 Relevant to the discussion of altered reactivity at different perfusion pressures is the demonstration by Gore 20 that the degree of smooth muscle shortening in response to a constant stimulus (topical noradrenalin) varied with the initial length of the muscle. Maximal shortening occurred at an intermediate length, while when the muscle was greatly stretched or greatly contracted, the same stimulus produced considerably less shortening.
20
Frequency of the Flow Cycles
Observations in our own ongoing studies, 10 ' 12 consistent with those previously reported by Clark et al., 6 indicate a slowing of frequency with increasing depth of barbiturate anesthesia, and during hypothermia. The same is true in a region in the marginal zone of a cerebral infarction. These are all states of reduced metabolism. 10 ' 12 Although this has not been directly measured, and the flow-oxygen relationship is altered by the change in metabolism, it is a reasonable presumption that flow is reduced in these circumstances, probably due to decreased metabolic production of CO 2 . Assuming that cerebral blood volume does not change, this would have the effect of prolonging the transit time t 3 + t« + t 6 in the model, hence slowing the flow cycle, consistent with the experimental observation.
An important recent study by Grubb et al. 21 showed a linear decrease in cerebral blood volume as blood pressure was increased. Although neither flow nor transit time were quantitatively measured in this study, a consistent increase in velocity or decrease in transit time is probable. Assuming the same volume changes occur in the cat, one would have expected more consistent changes in cycle frequency with blood pressure. Since these did not occur, there must have been a concomitant prolongation of some other component of the feedback system. The most likely would appear to be the contraction time of the arteriolar smooth muscle, consistent with the discussion above in accounting for the decrease in amplitude with perfusion pressure due in part to altered reactivity.
Relation of the Flow Cycle to Autoregulatlon
In the experiments presented here, there was no relation between changes in the flow cycles and the integrity of autoregulation. Autoregulation remained intact for considerable blood pressure elevation above the level at which the oscillations disappeared. By the foregoing formulation this suggests that stability of the control system improves at high perfusion pressures, but is not directly related to the autoregulatory process, though it might be to its metabolic reactivity. At low perfusion pressure the oscillations also disappeared. This has been interpreted as due to maximal sustained vasodilation of the precapillary arterioles, at least the maximal dilation they are capable of in response to acidosis. Since this did not coincide with the beginning of a passive decline in flow, or an increase in the rate of decline in those which were already evidently passive, this would suggest another mechanism for autoregulatory adjustments in local vasomotor tone. There is nothing in the experimental data nor in the model which would indicate a preference for either of the two main possibilities, i.e., neurogenic or myogenic.
METABOLIC AUTOREGULATION
While some of the present experimental observations would not be satisfied by a model of autoregulation based on metabolic control alone, some of the discrepancies might be due to limitations in the experimental method which measures oxygen rather than flow, and averages the behavior of several or many arterioles rather than monitoring one. Acknowledging these, however, the main importance of the model analysis of the available data is in the further questions it raises. The most important of these is whether the presently conceived metabolic model of local blood flow is really capable of autoregulation. The essential condition would be a progressive increase in local pH with rising perfusion pressure in order to mediate increased resistance. This could not occur by increased clearance of hydrogen ion, unless blood flow increased, contrary to the autoregulatory postulate.
The progressive decrease in amplitude of oxygen cycles with rising blood pressure demonstrated in this report might provide a mechanism for decreased local production of hydrogen ion at high blood pressure. If the oxygen cycles are associated with metabolic cycling from aerobic to anaerobic, due to ischemia at the nadir of each cycle, it would be possible that the decrease in cycle amplitude at increased blood pressure results in less anaerobic metabolism and hence less production of hydrogen ion as lactic acid.
Whether this occurs is currently being investigated and will be the subject of a subsequent report.
